Abstract: Optical wireless communication has the potential for extremely high data rates of up to tens of Gb/s. In this study, a hybrid modulation technique named adaptive differential amplitude pulse-position modulation (DAPPM) is proposed to improve channel immunity by utilising optimised modulation to channel. The unit transmission rate, channel capacity, peak-to-average power ratio, bandwidth requirement and power requirement of the DAPPM were determined and compared with other modulation schemes such as on-off key, pulse-amplitude modulation, pulse-position modulation (PPM), differential PPM and multilevel digital pulse interval modulation. The simulation results show that DAPPM gives better bandwidth and power efficiency depending on the number of amplitude level (A) and the maximum length (L) of a symbol. In addition, the fuzzy logic module is developed to assist the adaptation process of DAPPM. Mamdani fuzzy logic method is used in which the decisions made by the system will be approaching to what would be decided by the user in the real world.
IR systems had the potential to achieve a data rate of a few gigabits per second and higher.
Therefore, in optical communication applications, there are always tradeoffs between system performance and costs. Thus, there is a pressing need to design a modulation technique for the real time situation. As mentioned earlier, the optical wireless channel was limited by channel constraints such as the maximum allowable optical power and available bandwidth. Modulation schemes well suited to the conventional channel may not necessarily perform well for the optical wireless channel, therefore, adaptive modulation technique for pulse-position modulation (PPM), pulse-amplitude modulation (PAM) and pulse amplitude position amplitude (PAPM) using fuzzy logic has been proposed which showed substantial improvements for channel impaired by ISI and ambient background noise [5] [6] [7] [8] . The optical wireless channel can be easily affected by channel uncertainty. For example, distance between transmitter and receiver, distance from ambient light source or optical propagation path changes can result in bit error rate (BER) variation. Besides that, the BER not only will be affected by noise and transmitted signal power but also by the system modulation level and modulation state. Therefore adaptive differential amplitude PPM (DAPPM) using fuzzy logic for optical wireless communication channels is proposed to solve this problem.
In this paper, the performance of DAPPM for optical wireless communication channel model has been analysed and compare with the other modulation schemes in Section 2. In addition, the fuzzy logic control module for DAPPM has www.ietdl.org been developed by using Graphic User Interface, MATLAB. Furthermore, the output from the module such as BER, variation rate, modulation level and state performance for DAPPM has been determined in Section 3.
Performance of modulation technique
Modulation techniques remained active topics among both academic researchers and industrial communication system engineers. There are several different modulation schemes for optical wireless systems. The common modulation schemes are on-off key (OOK), PPM, PAM, differential PPM (DPPM), digital pulse-interval modulation (DPIM) and DAPPM [9] [10] [11] [12] [13] [14] . The modulation technique named adaptive differential amplitude pulse-position modulation (DAPPM) is proposed in this paper, which combined the DPPM and PAM as shown in Fig. 1 .
The working principle of DAPPM for optical wireless communication channel is analysed, and compared with other modulation schemes such as OOK, PAM, PPM, DPPM and multilevel DPIM (MDPIM). The analysis and comparison comprise of, the unit transmission rate, channel capacity, peak-to-average power ratio (PAPR) and normalised power and bandwidth required.
Unit information transmission rate
Unit information transmission rate (γ) can be expressed as γ = R/B(bits per second per Hz), where R is the transmission rate, B is the signal bandwidth, t is the pulse duration, r p is the duty ratio and T is the slot width. Thus, the unit information transmission rate for OOK (γ OOK ) is γ OOK = (1/t). For the single pulse PPM, the time slot width of PPM is
The unit information transmitting rates of PPM and DPPM are expressed as
The time slot length of the MDPIM modulation is not fixed, therefore, it required a statistical average to calculate the width of the code block, therefore, the time slot width and unit transmission rate are
Finally, for DAPPM modulation, time slot width and unit transmission rate are
As shown in Fig. 2 , the unit transmission rate of DAPPM (A = 2) is the highest, whereas PPM is the lowest. The transmission rate for DPPM and MDPIM falls between the curves for DAPPM and PPM. When the bit resolution (M ) increases, the unit transmission rate of OOK remains the same, whereas PPM, DPPM, MDPIM and DAPPM (A = 2) will decrease.
Channel capacity performance
The channel capacity is the highest rate in bits per channel use at which, information can be sent with arbitrarily low probability of error, and it is an important performance parameter for the FSO communication system. If the time slot width is t, the channel capacity of OOK is C OOK = 1/t, therefore, the channel capacity of PPM, DPPM, MDPIM and DAPPM can be expressed as follows
The normalised channel capacity requirement for each modulation scheme is plotted in Fig. 3 against M for comparison. If M increases to more than or is equal to 2, the normalised channel capacity for PPM, DPPM, MDPIM and DAPPM will decrease, whereas OOK will remain at '1'. It is clear that DAPPM has the highest transmission capacity and that PPM has the lowest. The transmission capacity for DPPM and MDPIM falls between the curves for DAPPM (A = 2) and PPM.
PAPR analysis
The PAPR is analysed based on the equation as follows
The PAPR for PPM, DPPM and DAPPM against the bit resolution (M ) is shown in Fig. 4 . It is clear that DAPPM provided the lowest PAPR compared with PPM and DPPM.
Normalised power and bandwidth requirement
The normalised optical power against bandwidth requirement for OOK, PAM, PPM, DPPM, PAPM and DAPPM is shown in Fig. 5 . Each point for PAM, PPM, DAPPM and DAPPM represents the maximum length L = {2, 4, 8, 16 and 32}.
The performance of the modulation schemes for optical wireless communication channel analysis shows that, OOK is the simplest scheme, therefore, it does not require symbol synchronisation and the minimum bandwidth requirements, but power utilisation ratio is too low. PPM improved the power utilisation ratio but bandwidth availability ratio is low. The use of PPM having a very low duty cycle decreases the average power requirement at the cost of an increased bandwidth. DPPM always achieves higher power efficiency and lower hardware complexity than PPM. These make DPPM a favourable candidate to replace PPM in many applications. MDPIM requires no symbol synchronisation and symbols length is not fixed, therefore, when sending a fixed bit packet, its transmitting time is not a constant.
The analysis suggest that using the DAPPM modulation techniques, will provide more advantages over OOK, PAM, PPM, DPPM and MDPIM. DAPPM will give better bandwidth and power efficiency depending on the number of amplitude level (A) and the maximum length (L) of a symbol. In addition to this, DAPPM also provides higher transmission capacity and lower PAPR. 
MATLAB fuzzy inference system (FIS)
Fuzzy logic was invented by Dr. Lotfi Zadeh at the University of California at Berkeley in 1965 [9] . Fuzzy logic is a practical mathematical addition to classic Boolean logic. The areas of application of fuzzy logic have spread from consumer electronics to industrial control, information processing, financial analysis, robotics, communication and network and much more in just the past few years [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
In this work, a fuzzy logic control module was developed to assist the adaptation process. Three systems are built by using the differences rules. System A is the BER degradation to modulation level, System B is BER degradation and rate variation to modulation level and System C is the BER level and variation rate to modulation state.
BER degradation to modulation level
System A was created for the modulator based on the feedback from the optical wireless communication channel. This system was Mamdani type fuzzy inferences model, where the output of the membership function will be applied to centroid calculation. In this system, the three rules can be set as follows Surface viewer for BER degradation to modulation level is plotted in Fig. 6 .
BER degradation and variation rate to modulation level
The fuzzy system rules can be expressed as the following, with this system name 'adaptive DAPPM System B'.
1. If BER degradation is LOW, then LEVELS change is ZERO. 2. If BER degradation is MEDIUM or RATE of variation is SLOW, then LEVELS change is MINOR. 3. If BER degradation is MEDIUM and RATE of variation is FAST, then LEVELS change is LARGE. This system has two inputs (BER and rate), and one output (levels). A complete setting of the fuzzy sets, membership function and rules and the rule viewer for System B is shown in Fig. 7 . If set BER is equal to 2 and rate is 0.5 as sample inputs, the required level change is 2.69. The mapping from 'BER' and 'RATE' to 'MODULATION LEVELS' accordingly is plotted in Fig. 8 . The surface viewer is equipped with drop-down menus X (input), Y (input) and Z (output).
BER level and variation rate to modulation state
The BER is affected by noise, transmitted signal power, modulation level and also modulation state. An FIS was set up to solve this problem and named System C. BER level and rate are set as the input fuzzy set, whereas the amplitude level (A) and the differential pulse position change will set the value (L) as the outputs fuzzy sets.
The rules for System C can be expressed as follows: The five steps for the fuzzy inference process setting is fuzzify the inputs, apply the fuzzy operation, apply the implication method, apply the aggregation method and apply the centroid defuzzification. The surface of amplitude level (A) against the BER level and change rate is shown in Fig. 9 , whereas the differential pulse position (L) against the BER level and change rate is shown in Fig. 10 .
The fuzzy control method was incorporated with the developed adaptive DAPPM as a viable control process for optical wireless communication channel. The simulation result demonstrated that, fuzzy logic is able to provide powerful control functionality for BER, variation rate and modulation level. Therefore through incorporation with the proposed DAPPM, communication systems can provide flexible and efficient adaptations for improving the communication system.
Conclusions
This paper introduced an adaptive DAPPM for high speed optical wireless communication channels based on fuzzy logic. DAPPM provides several advantages when the simulation results are compared between DAPPM with OOK, PPM, PAM, DPPM and MDPIM on unit transmission rate, channel capacity, PAPR, bandwidth and power required. According to the results, DAPPM requires less bandwidth when the number of amplitude levels is high. In addition to this, DAPPM also provides higher transmission capacity and lower PAPR. This paper has also applied a fuzzy logic control module for DAPPM to assist the adaption process. The proposed system shows that the fuzzy logic control module is very promising in controlling adaptive modulation scheme process for optical wireless communication channels.
